Several experimental proposals expect to confirm the recent measurement of the coherent elastic neutrino-nucleus scattering (CEvNS). Motivated in particular by the next generation experiments of the COHERENT collaboration, we study their sensitivity to different tests of the Standard Model and beyond. We analyze the resolution that can be achieved by each future proposed detector in the measurement of the weak mixing angle; we also perform a similar analysis in the context of Nonstandard Interaction (NSI) and in the case of oscillations into a sterile neutrino state. We show that future perspectives are interesting for these types of new physics searches.
Introduction
Despite the fact that coherent elastic neutrino-nucleus scattering (CEvNS) was proposed more than forty years ago [1] , it was only recently that the COHERENT collaboration observed this process for the first time by using a CsI[Na] detector exposed to the neutrino flux generated at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory [2] .
In a CEvNS process, an incident neutrino interacts coherently with the protons and neutrons within the nucleus. As a result, there is an enhancement in the cross-section, which turns out to be quadratic in the number of nucleons. The necessary condition to observe this phenomenon is that the energy of the neutrino must be sufficiently low so that the momentum transfer satisfies << 1, with the nuclear radius. Since its first detection, COHERENT data have been studied for different purposes such as measurements of nuclear neutron distributions [3] , weak mixing angle [4, 5] , neutrino electromagnetic properties [6, 7] , and tests of NSI neutrino interactions [6, 8, 9] .
In the future, the COHERENT program [10] will include a set of four detectors, each based on different materials and technologies capable of observing low-energy nuclear recoils: the currently used CsI[Na] scintillating crystal, with which CEvNS was detected for the first time, and three future experiments that are still being developed: a set of p-type point-contact Germanium detectors, a single-phase liquid Argon detector, and an array of NaI[Tl] crystals. Each detector has a different threshold, baseline, and mass, all of which are summarized in Table 1 . In this work we study the future experimental setups proposed by the COHERENT collaboration in order to test the sensitivity of CEvNS to the weak mixing angle and the search of new physics by two different mechanisms; the first one through the introduction of parameters which describe NSI and the other by introducing the possibility of a specific neutrino flavor to oscillate into a sterile one. The same original experimental proposal [10] introduces a discussion about nonstandard interactions (NSI) as well as implications for dark matter. In this work, for the NSI analysis, we study both nonuniversal and flavor-changing NSI parameters. Different authors have already studied part 2 Advances in High Energy Physics of the potential of these detectors in a different context [11] [12] [13] [14] [15] [16] . Here we focus on the specific configurations reported by the COHERENT collaboration for its future stages [10] to have a complementary forecast that includes cases that have not been covered, such as the future perspectives for the measurement of a weak mixing angle for these detectors.
Coherent Elastic Neutrino-Nucleus Scattering
Before discussing the future perspectives for CEvNS in a specific SNS experiment, we present in this section the main characteristics of the neutrino flux, cross-section and form factors involved in the prediction of the number of events measured by a given detector. The neutrino beam used by the COHERENT collaboration consists of ] , ] , and ] fluxes coming from the SNS. These neutrinos are produced by the + decay-at-rest in the form + → + ] and thus we have a monoenergetic beam of muon neutrinos, known as "prompt" neutrinos, which can be described by
Eventually, the + 's also decay to produce antimuon neutrinos and electron neutrinos, which together are known as "delayed neutrinos", and which can be modeled, for energies up to 52.8 MeV, as [3] :
with = /4 2 being a normalization factor with = 0.08 the number of neutrinos per flavor, = 1.76 × 10 23 the number of protons on target, and the distance between the source and the detector. The total neutrino flux is considered to be the sum of the three previous contributions. For all our computations we will consider the same total flux, and we set it as equal to that of the first COHERENT measurement [2] ; in this way, our comparison of results will be made using the same standard time window.
Regarding the CEvNS cross-section, this has been computed to be [18] [19] [20] [21] ( )
Here, is the mass of the nucleus, ] is the neutrino energy, and is the nucleus recoil energy; , ( 2 ) are the corresponding nuclear form factors, which are especially important at higher momentum transfer, as is the case of neutrinos coming from the SNS. In other cases, as for antineutrinos coming from nuclear reactors, these form factors have a minimal impact due to the low momentum transfer. We have computed our results by using a Helm form factor as well as a symmetrized Fermi one for both protons and neutrons; our results in all cases were the same up to the level of one per thousand, so in what follows, we will consider the Helm form factor for neutrons and the symmetrized Fermi one for protons. The neutral current vector couplings are given by
wherê2 = sin 2 = 0.23865, which corresponds to the lowenergy limit as well. [22] .
Recently, a new computation that studies in more detail the cross-section for the case of a nonzero spin nucleus (taking into account the kinematics for relatively high momentum transfer) has been reported [17] . It has been stated that kinematic corrections could be important, while axial couplings due to the nuclear spin have less impact. In this picture, the CEvNS cross-section is given by [17] 
2 ) + (
where the sums on both and run over and , with = , = , and Δ is the difference between the corresponding nucleons with a spin projection along the incident neutrino axis and those with spin projection opposite to it, the Bjorken is given by = / ] and is the total energy squared. Finally, = (√ − )/(√ + ), with the nucleon mass. It has also been discussed in the same reference that the contributions due to Δ and are small. We have checked that indeed, for the CsI cross-section, these corrections are at least three orders of magnitude smaller and, therefore, we will not consider them. After these approximations, (4) and (6) are still different by a factor . This factor arises if we require [17] that the interaction of the incident neutrino happens only when the nucleon has an initial momentum → = −( → /2)(1 − / ) and acquires a final momentum → + → , with the mass of the nucleon. In this picture, the factor is given by the product of three different factors, two of which are of order unity, while the last one is reported to be linear in [17] . Under this assumption, we found the factor to be given by
On the other hand, once we take an expression for the crosssection, the number of events measured by a detector is given by
where ( ) is an acceptance function, ( ] , ) is the neutrino flux, and is, depending on the detector, the number of targets in it and is given by / , with the Avogadro's number, the mass of the detector, and its molar mass. The limits of the integral depend on both the detector's threshold and the maximum recoil energy for a fixed ] , which to our purposes is well approximated by
On the other hand, the integral over ] has an upper limit of 52.8 MeV, which corresponds to the maximum energy of the neutrinos coming from the SNS.
Before computing a forecast of the sensitivity to future new experiments, we have computed what would be the expected number of events in the case of the recent COHER-ENT detection of CEvNS for the previous two formulations of the cross-section. To this purpose, by closely following the procedure described in [3] , we have computed the expected number of events by recoil energy bins for the case of the CsI detector using an average neutron rms radius of 5.5 fm for both Cs and I, which was found to be the best fit to the COHERENT data [3] ; we take the acceptance function as The solid (blue) line corresponds to the usual approach to the crosssection as given in (4) while the dotted (red) line corresponds to the more detailed case discussed in [17] . The points correspond to the experimental data [2] .
given in [23] . Table 1 (see Introduction) shows the specific values for the detector's mass and its distance to the neutrino source.
The results of this computation are illustrated in Figure 1 , where we show the expected number of events when we consider the cross-section as in (4) as well as when we consider the case of a linear kinematic correction due to the factor . It is possible to notice that the introduction of the kinetic factor yields to a relatively larger number of events. Despite the fact that this factor can introduce important corrections in the cross-section for high neutrino energies, the convolution of the neutrino energy spectrum and form factors translates into an increase of 5% or less in the total number of events for the targets under consideration. We have checked that this effect translates into a small shift in the central value of a given fit but has no impact in the width of the errors. Therefore, for our computations of the future expectations we will show the results obtained with the more simple and usual approach of (4).
Regarding future experiments, throughout the following sections we will study the cases of Ge, Ar and NaI detectors, which are reported by the COHERENT collaboration to start measuring CEvNS in the near future. Table 1 gives information about the estimated mass, threshold, and baseline on each case, all of which will be considered in our following computations to predict the current estimated number of events by using (8).
Sensitivity to the Weak Mixing Angle
Future CEvNS measurements will determine with accuracy the weak mixing angle value. Any deviation from NaI Figure 2 : Expected sensitivity to sin 2 for the different detectors under consideration: Germanium, Argon, and NaI, respectively. The different curves are for the ideal case of = 0% with 100% efficiency and a background error of = 0% (solid), for = 5% with 50% efficiency and a background error of = 10% (dotted), for = 15% with 100% efficiency and a background error of = 10% (dasheddotted), and = 30% with 100% efficiency and a background error of = 10% (dashed); see Table 2 and text for details. The horizontal line indicates the 90% CL.
the Standard Model prediction [24, 25] for this important quantity will be an indicator of new physics. Although the current estimates for the weak mixing angle from the CsI measurement are not competitive [6] , future information from CEvNS may be of important relevance for this test of the SM at very low energies [4, 5] . For example, this information can be useful for the atomic parity violation (APV) measurement, where a small deviation from the prediction has been found [4] . As already mentioned, we have studied the future sensitivity to the weak mixing angle for the next generation of COHERENT experiments [10] . To this purpose, we have assumed that a futuristic 2 analysis will be given by the minimization of the function:
where is the measured number of events, which, as we are dealing with a future experiment, we will consider as given by the SM prediction plus the expected background, ℎ ( ) represents the predicted number of events as a function of a set of variable parameters , which in this case corresponds only to the weak mixing angle, and is the expected background number of events, that we will consider to be ten percent of the predicted number of events; this background could come, for instance, from neutrino induced neutrons [26] or prompt neutrons [2] . This general expression will also be used in the following sections. The statistical uncertainty is given by = √ , and the parameters and quantify the systematic errors with an associated uncertainty , .
The results are shown in Table 2 and Figure 2 , where we have taken four different scenarios for each detector. These scenarios were considered in order to illustrate what would be the CEvNS sensitivity to this parameter. Regarding the systematic error , we can estimate that a first measurement could have large errors due to the normalization and quenching factor among other systematics [2] . Therefore we have considered a first scenario with = 30%, which is similar to the one reported by the first measurement reported by the COHERENT collaboration. A second case is that of = 15% that might be a realistic one after the detectors are better characterized. For the case of the background error we have considered it as 10%. We also show as a reference the very ideal case of no errors. Finally a different scenario with 50% efficiency and = 5%, = 10% is also considered. The expected sensitivity for the weak mixing angle (for symmetrized errors) is shown in Table 2 , where we reported it at a 90% CL. With these different scenarios, Advances in High Energy Physics 5 we expect to present a broad idea of the possible constraints that future experiments can obtain and what type of error would be more important to control. In all our computations we have considered an acceptance function equal to the unity for all .
We can see from Table 2 and Figure 2 that, as expected, a detector with larger mass, such as the case, will give better constraints, provided that the systematic errors are under control. In any case, even the more modest case of the Germanium detector with a 10 kg array could give a competitive measurement (for low energies) if the systematics can be maintained under control.
Sensitivity to NSI
Besides the precision tests of the Standard Model, there has been a lot of interest in different extensions of the SM to explain, for instance, the neutrino mass pattern. A useful phenomenological approach is that of nonstandard interactions (NSI) [27] [28] [29] . In general, neutral current nonstandard interactions can be parametrized by introducing a Lagrangian of the form
Here the interaction is modeled between the neutrino and the and quarks within the nucleons, so the index runs over and . The subscripts and run over the three flavors , , and . The Lagrangian in (10) contains flavor preserving, nonuniversal, nonstandard terms which are proportional to (with = , ). Also, it contains the so-called flavor-changing terms proportional to with ̸ = ; all these coupling constants are taken in terms of the Fermi constant. Thus, for an electron (anti)neutrino source, the cross-section for << ] now reads [19, [30] [31] [32] [33] [34] 
The cross-section for a muon (anti)neutrino source has the same form and can be obtained by exchanging the indices ←→ . For simplicity, here we will only consider the possibility of having NSI interactions coming from the electron neutrino source; this is a natural choice since the muon NSI parameters are usually more restricted from other experiments [27] [28] [29] . This means that the number of events measured by a detector at the SNS will be given by
where = ] , ] , ] , with d /d given by (11) for = ] and by (4) for the other two cases.
The study of the sensitivity to the NSI parameters is of relevance since any positive signal will hint for new physics; on the other hand, constraints on these parameters will potentially discard models of new physics. This is the case, for instance, for the first measurement of CEvNS where the reported constraints [2, 6, 8, 9] disfavored a class of models [35, 36] that were motivated by the Dark-LMA solution [37] [38] [39] [40] . Future constraints from COHERENT collaboration will allow setting stronger constraints on the NSI parameters. The use of intense neutrino sources close to a CEvNS detector allows for a powerful setup that strongly constraints NSI parameters, competitive with any other neutrino experiment as already pointed out in Refs. [19, 30] As in the previous section, we have studied the potential of the future setups for the SNS and computed the expected sensitivity for the different future detectors that are to be installed. We first made the analysis considering only one NSI parameter to be nonzero at a time. Although the parameters are correlated, this will give a first idea of the constraints that can be obtained and could be useful when we expect only small deviations from zero from a given new physics model [41, 42] . We will end up this section with a two-parameter analysis. Again, we have computed the 2 analysis of (9) with ℎ given by (12) and representing the corresponding NSI parameter. This time we have also considered the four different scenarios for the futuristic systematic uncertainties as in the previous section. Figure 3 shows the results for , while Figure 4 shows the corresponding results for . We can notice that, for the case of nonuniversal parameters, there are two different intervals where the values can lie. This is a well-known degeneracy that appears in the CEvNS case [30] . We show the numerical restrictions for both the flavor-changing and nonuniversal parameters in Tables 3 and  4 , respectively. As in the previous section, we can see the importance of systematic errors, efficiency, and the mass of the detector. For example, we can notice that, for the case of a two tons NaI detector, the sensitivity is such that, even with a 30% error, the experiment can tell between the two degenerate allowed regions for , as can be seen in Table 4 . We close this section by illustrating one of the degeneracies that can appear if we consider more than one NSI parameter different from zero [19, 30] . For the case of considering both and different from zero, we can notice from (11) that there is degeneration in the determination of this parameters that give rise to an ellipse, in analogy with [19] . We illustrate this case in Figure 5 , where we can see that for this specific combination of parameters the detectors are unable to remove the degeneracy. NaI for the different detectors under consideration: Germanium, Argon, and NaI, respectively. Again, the different curves are for the ideal case of = 0% with 100% efficiency and a background error of = 0% (solid), for = 5% with 50% efficiency and a background error of = 10% (dotted), for = 15% with 100% efficiency and a background error of = 10% (dasheddotted), and = 30% with 100% efficiency and a background error of = 10% (dashed); see text for details. The horizontal line indicates the 90% CL. for the different detectors under consideration: Germanium, Argon, and NaI, respectively. As in previous cases, the different curves are for the ideal case of = 0% with 100% efficiency and a background error of = 0% (solid), for = 5% with 50% efficiency and a background error of = 10% (dotted), for = 15% with 100% efficiency and a background error of = 10% (dashed-dotted), and = 30% with 100% efficiency and a background error of = 10% (dashed); see text for details. The horizontal line indicates the 90% CL. , at 90% CL for the different detectors under consideration: Germanium, Argon, and NaI, respectively. As in previous cases, the different curves are for the ideal case of = 0% with 100% efficiency and a background error of = 0% (blue), for = 5% with 50% efficiency and a background error of = 10% (green), for = 15% with 100% efficiency and a background error of = 10% (red), and = 30% with 100% efficiency and a background error of = 10% (magenta); see text for details.
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Sensitivity to the Sterile Neutrino Hypothesis
Currently, the three neutrino oscillation picture is well established and most of its parameters are well measured [43] [44] [45] . However, there are different neutrino flux anomalies that cannot be explained by considering neutrino oscillations between three neutrino flavors [46] . For instance, the LSND observes an appearance of a ] on a ] flux; MIniBoone measures an excess of ] and ] that agrees with the LSND results. On the other hand, for electron antineutrinos, a disappearance of ] is observed in experiments with reactor neutrinos. These effects may be explained by considering a fourth noninteracting, sterile neutrino flavor. Expected constraints, considering different experimental setups, have been considered for the CEvNS case [47] [48] [49] . By considering each neutrino flavor state as a linear combination of mass eigenstates
where U is a unitary mixing matrix, we can find the oscillation probability to be given by [50] ] ] = − 4∑ > ( * * ) sin 2 (Δ 2 4 )
where the Latin subscripts correspond to the mass eigenstates, and the Greek ones correspond to the , , , neutrino flavors, Δ 2 = 2 − 2 , is the distance from the neutrino source to the detector, and ] is the neutrino energy. Assuming CPT invariance, the antineutrino case is found by interchanging each matrix element with its complex conjugate, resulting in a reverse of the signs. Due to the short source to detector distance (∼ 10 m) and to the SNS neutrino energy spectrum (∼ 10 MeV), the oscillations between the three active states can be neglected. Therefore, the probability of oscillation from active to sterile states can be studied in a two-flavor approximation:
For simplicity, we will consider two different cases: first, the oscillation from ] → ] and then the corresponding case for muon (anti)neutrinos. To take into account the oscillation of the neutrinos produced at the SNS, we take the probability that the considered neutrino keeps the same flavor as
and this oscillation probability is multiplied by the neutrino flux and integrated over the neutrino energy spectrum, so the total number of events expected is given in this two cases by
where the fluxes for the different neutrino flavors, , are defined by (1) Figure 6 : Expected sensitivity for a muon neutrino oscillation into a sterile neutrino state, for the different detectors under consideration: Germanium (left), Argon (middle), and NaI (right), respectively. Again, the different curves are for the ideal case of = 0% with 100% efficiency and a background error of = 0% (solid), for = 5% with 50% efficiency and a background error of = 10% (dotted), for = 15% with 100% efficiency and a background error of = 10% (dashed-dotted), and = 30% with 100% efficiency and a background error of = 10% (dashed); see text for details. The horizontal line indicates the 90% CL. Figure 7 : Expected sensitivity for an electron neutrino oscillation into a sterile neutrino state, for the different detectors under consideration: Germanium (left), Argon (middle), and NaI (right), respectively. Again, the different curves are for the ideal case of = 0% with 100% efficiency and a background error of = 0% (solid), for = 5% with 50% efficiency and a background error of = 10% (dotted), for = 15% with 100% efficiency and a background error of = 10% (dashed-dotted), and = 30% with 100% efficiency and a background error of = 10% (dashed); see text for details. The horizontal line indicates the 90% CL. function in order to forecast the sensitivity of COHERENT future experiments. In this case, since neutrino oscillation probability is a function of two variables ( sin 2 2 , Δ 2 4 ), we will take the 2 function as the one described in (9) with ℎ ( ) = ℎ (sin 2 2 , Δ 2 4 ) as in (17) . For this case, our analysis considers only one parameter at a time. That is, we only consider either sin or sin different from zero and compute the corresponding effect in the electron (muon) neutrino number of events. In Figures 6 and 7 we show the sensitivity to the allowed regions of the parameters sin 2 2 and Δ 2 4 for the different systematic errors and efficiencies that we have already discussed. The results are shown at 90% CL.
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Although for some cases the expected sensitivity is not competitive, we can notice that for the more ambitious detectors with larger mass there is sensitivity to the relevant region of sterile neutrino searches.
Discussion and Conclusions
The measurement of CEvNS by the COHERENT collaboration has been a break through that opens the door to new measurements of this elusive process. Motivated by the future program of the same collaboration, we have studied the expected sensitivity for precision tests of the Standard Models as well as for new physics searches. We have focused on the case of the measurement of the weak mixing angle, the sensitivity to NSI, and the future constraints on a sterile neutrino state.
We have studied the different proposed detectors on equal footing, in the sense that we have considered the same total neutrino flux coming from the Spallation Neutron Source and we have also considered the same efficiencies and systematic errors. We have illustrated quantitatively that the most ambitious large mass detector arrays will give better constraints on new physics, provided that systematics are under control. We have also estimated the weakness of the constraints if the efficiency is compromised.
